In this study, we investigated a novel method for fabrication of carbonate apatite block without ionic movement between precursor and solution by using precursor that includes all constituent ions of carbonate apatite. A powder mixture prepared from dicalcium phosphate anhydrous and calcite at appropriate Ca/P ratios (1.5, 1.67, and 1.8) was used as starting material. For preparation of specimens, the slurry made from the powder mixture and distilled water was packed in a split stainless steel mold and heat-treated, ranging from 60°C to 100°C up to 48 hours at 100% humidity. It appeared that carbonate apatite could be obtained above 70°C and monophasic carbonate apatite could be obtained from the powder mixture at Ca/P ratio of 1.67. Carbonate content of the specimen was about 5-7%. Diametral tensile strength of the carbonate apatite blocks slightly decreased with increasing treatment temperature. The decrease in diametral tensile strength is thought to be related to the crystal size of the carbonate apatite formed.
INTRODUCTION
In order to regenerate lost bone tissue from surgical removal due to trauma, cancer or other pathologic conditions, autograft or healthy bone from the host have always been the ideal choice to fill the defect site since this doesn't cause any immunologic reactions. Still, there have been inherent problems such as invasion of healthy site and limitation of shape and/or volume of grafting bone. In contrast, these inherent problems do not exist with respect to artificiallyprepared bone substitute materials. Hydroxyapatite (HAp) have been widely applied as bone substitute for several decades because of its excellent osseoconductivity 1, 2) . However, HAp is hardly resorbed and remains in the body for an extended period of time so replacement with new bone tissue is very minimal. Moreover, unlike the bone, which contains an organic component (Type I collagen) that gives strength, HAp doesn't contain any organic component, resulting to brittleness and low mechanical strength. We think that the limitations of HAp can be overcome if bone substitute material can accomplish the bone remodeling cycle. Thus complete replacement with new bone can be expected.
It has been reported that the main inorganic content of bone is carbonate apatite (CO3Ap), which contains about 7% carbonate by weight 3) . LeGeros has demonstrated that CO3Ap is easier to dissolve than HAp because the solubility of CO3Ap increased as the content of carbonate in CO3Ap increased 4) under acidic condition such as in the Howship's lacunae of osteoclast 5) . Therefore, CO3Ap is expected to become an ideal bone replacement material, which possesses both osseoconductivity and bioresorbability [6] [7] [8] .
For the fabrication of CO3Ap blocks, the application of sintering process, commonly used for various ceramics is not acceptable. This is due to the unstableness of CO3Ap at higher temperature. When sintered at temperature higher than 400°C, carbonate is decomposed into other compounds and liberated in air in the form of carbon dioxide 9, 10) . Meanwhile, CO3Ap is thermodynamically the most stable among calcium phosphate compounds at neutral and basic condition. It is therefore possible to fabricate CO3Ap based on dissolution-precipitation reaction at solution under controlled pH. Based on this idea, our research group previously reported the fabrication of CO3Ap block from various precursors. Lin et al. used precursor made from calcium carbonate (calcite: CaCO3) block that was transformed from calcium hydroxide compact using carbon dioxide gas 11) . After immersing the calcite block in phosphate solution, calcite dissolved and Ca 2+ , CO3 2-, and PO4 3-ions became supersaturated with respect to carbonate apatite, so CO3Ap could precipitate. With this method, it was possible to transform the precursor to low-crystalline CO3Ap block without any changes on macro morphology and shape 12) . On the other hand, there was a lack of formability, because the shape of CO3Ap block was dependent on the precursor prepared by powder compacting device. In order to improve the formability, Zaman et al. have reported that calcite block, which includes gypsum as bonding material, could be applied as precursor 13) . With this method, since the precursor block can be formed by gypsum setting and not by pressing, various shapes could be obtained using molds with various shapes for precursor setting. Although these methods were profitable for fabrication of CO3Ap block, these were not suitable for bigger size. This is because the PO4 3-ions required for phosphatization was derived from external solution. It is necessary for the PO4 3-ions to reach the internal part of the precursor for complete compositional change to CO3Ap. Additionally, it would be impossible to supply enough amounts of PO4 3- ions required for complete phosphatization because of the limitation of phosphate solution concentration.
In the present study, we investigated a novel method for fabrication of CO3Ap block without ionic movement between precursor and solution by using precursor that includes all constituent ions of CO3Ap. A powder mixture made from dicalcium phosphate anhydrous (DCPA: CaHPO4), and calcite (CaCO3), which supplied Ca 2+ and PO4 3-and Ca 2+ and CO3 2-ions, respectively, was used as starting material. Mixing with distilled water, the powder mixture was formed into a paste with the right viscosity for molding, enough to form any shape. The application of this precursor for the fabrication of CO3Ap block was characterized based on compositional analysis and mechanical strength evaluation. The effects of reaction temperature on the properties were also investigated.
MATERIALS AND METHODS
Preparation of powder mixture 10 g of commercially available dicalcium phosphate anhydrous (DCPA, J. T. Baker Chemical Co., N.J. USA) was mixed with 10 ml of 95% ethanol in an agate container with alumina balls weighing 30 grams each and has 3 mm diameter and milled (P-5, Fritsch Co., Germany). DCPA powder of approximately 2.5 µm in average size was finally prepared. Calcite (CaCO3) was prepared by carbonation of commercially obtained calcium hydroxide (Ca(OH)2, Wako Chemicals, Tokyo, Japan). Before carbonation, to prepare small particle size Ca(OH)2, 50 g of Ca(OH)2 was mixed with 70 ml of 98% ethanol in an agate container with agate balls then ground by a ball mill (P-5, Fritsch Co., Germany) at 350 rpm for 14 hours. The ground Ca(OH)2 was mixed with distilled water at a P/L ratio of 11 g/300 mL to prepare the slurry. Then carbon dioxide gas was introduced into the slurry at a flow rate of 3.75 L/min. Carbonation of Ca(OH)2 continued until the pH of the suspension decreased to 6.4. Obtained CaCO3 fine powder has average particle size of 0.3 µm. Finally, DCPA and CaCO3 powders were mixed at appropriate Ca/P ratios (1.5, 1.67, and 1.8), which was decided based on stoichiometric apatite at 1.67.
Preparation of specimens
In order to make the paste, the obtained powder mixture was mixed with distilled water on a glass plate using spatula at P/L ratio of 2.0. The paste was packed into a split stainless steel mold (6 mm in diameter×3 mm in height) as shown in figure 1a. Both the top and bottom surfaces of the mold were covered with glass slides and held in place by a paper metal clip. The molds were then placed inside a pressure container, with distilled water to maintain 100% humidity. The pressure container was placed inside a dry heat oven and kept at each prescribed temperatures (60, 70, 80, 90, and 100°C) for various periods up to 48 hours. Upon completion of the treatment times, the specimens were removed from the mold and dried at 60°C.
Mechanical testing
The mechanical strength of the specimens was evaluated in terms of diametral tensile strength (DTS). After drying, the diameter and height of each specimen were measured with a micrometer (MDC-25MU, Mitutoyo Co. Ltd., Kanagawa, Japan). Then a load was applied to crush each specimen using a universal testing machine (UTM) (SY-301, Imada Co., Aichi, Japan) at a crosshead speed of 1 mm/min. The DTS values were taken as average of at least five specimens.
X-ray diffraction and Fourier transform infrared spectroscopy
The specimens were ground to fine powder and characterized by X-ray diffraction (XRD) analysis and Fourier transform infrared spectroscopy (FT-IR) analysis. The XRD patterns were recorded with a vertically mounted diffractometer system (RIGAKU RINT 2500V, Tokyo, Japan) using countermonochromatized CuKα radiation generated at 40 kV and 100 mA. The FT-IR spectra were measured using a FT-IR spectrometer (SPECTRUM 2000LX, PERKIN ELMER Co. Ltd., Kanagawa, Japan).
Microstructure
The morphology of the fractured surface of the specimen was observed by a field emission scanning electron microscope (FE-SEM, Hitachi Co. Ltd., Tokyo, Japan) at 10 kV of accelerating voltage after gold sputter coating.
CHN analysis
In order to measure the amount of carbonate contained in specimens, a CHN coder (MT-6, Yanako Analytical Instruments Corp., Kyoto, Japan) was used. The contents of carbonate were calculated from the amounts of carbon contained in specimens.
Porosity and density measurement
The apparent porosity and apparent density were measured according to Archimedes' principle in kerosene by using commercial kit for density determination (YDK 01, Sartorius, Göttingen, Germany) and micro balance (BP 210S, Sartorius, Göttingen, Germany). Three specimens were analyzed for data acquired, and dry weight (w1), weight-inkerosene (w2) and weight-containing-kerosene (w3) were measured and the following formulas were used: apparent density = w1·ρ / (w1-w2) ρ : density of kerosene apparent porosity = (w3-w1) / (w3-w2) * 100
RESULTS
No macro-morphological change was observed after treatment. No gap could be visually observed between specimen and mold. As figure 1 shows, the set specimens with exactly the same shape as the mold can be obtained. It seemed that various shapes could be used as setting mold such as the example shown on figure 1b. Figure 2 shows the XRD patterns of specimens with different Ca/P ratios (1.5, 1.67 and 1.8) treated at 100°C for 24 hours. Diffraction patterns of the starting powders before mixing (Figs. 2a and b) and commercially obtained HAp powder (HAP-200, Taihei Chemical Industrial Co., Ltd, Osaka, Japan) were also shown for comparison (Fig. 2f) . From the diffraction pattern of specimen with Ca/P ratio of 1.67 (Fig. 2d) , no other peaks other than HAp was detected. On the other hand, in the case of 1.5 or 1.8 Ca/P ratio (Figs. 2c and e), the peaks assigned to DCPA and CaCO3 were also detected as second phase respectively. These results indicated that monophasic apatite could be obtained by this method from mixture with Ca/P ratio Figure 3 shows the XRD patterns of specimens with Ca/P ratio of 1.67 treated at different temperatures for 48 hours. When treated at 60°C, there were no new peaks assigned to other crystals but peaks assigned to DCPA and CaCO3 only. Meanwhile, when treated at 70°C and above, the crystal phase of apatite was formed and the peaks assigned to DCPA and CaCO3 completely disappeared. As a result of this treatment, the compositional change occurred completely at 70°C and above.
Functional groups of specimens with Ca/P ratio of 1.67 treated at different temperatures for 48 hours were qualitatively analyzed by using FT-IR. Figure 4 shows the FT-IR spectra of specimens in which apatite structure could be detected. Spectrum of commercially obtained HAp was also shown for comparison. It has characteristic bands due to PO4
3-groups at 570, 600, 1030, 1065, and 1090 cm -1 , OH -deformation vibration at 630 cm -1 . In the spectra of all specimens, peaks assigned to phosphate were detected at 560-600 and 980-1100 cm -1 . Additionally, peaks, which were due to carbonate, were found at around 874, 1414 and 1450 cm -1 . This result indicated that the specimens contained carbonate ions in its apatite structure. Figure 5 shows the carbonate content of specimens with Ca/P ratio of 1.67 treated at different temperatures for 48 hours. The carbonate content was calculated from the amount of carbon in the specimens as determined by CHN analysis.
The carbonate contents of all specimens were in the range of 5-7% and the amount tended to decrease with increasing temperature. Figure 6 summarizes the DTS value and apparent porosity of specimens with Ca/P ratio of 1.67 treated at different temperatures for 48 hours. The DTS values of the specimens decreased from 2 MPa to 1 MPa as the reaction temperature increased from 70°C to 100°C. The DTS values of specimens treated at 70°C and 80°C were significantly higher than those treated at 90°C and 100°C. On the other hand, there were no significant differences in apparent porosity among specimens Bar graph shows the value of DTS and line plot shows the apparent porosity. At least five specimens were measured for DTS and three specimens were analyzed for apparent porosity. treated at each temperature. Figure 7 shows the SEM images of the fractured surfaces of specimens with Ca/P ratio of 1.67 treated at 70°C and 100°C for 48 hours. Typical needle-like apatite crystals could be observed in all images while no fine particles of starting materials (DCPA and CaCO3) were found.
Additionally, not so much difference in crystal shape can be observed except for a slight variation in size. It appeared that the apatite crystal had grown larger in specimens treated at higher temperature than those treated at lower temperature in SEM picture. Furthermore, entanglement of the needle-like crystals seems to become closer as the reaction temperature decreases. Some micro-pores could be found in all specimens.
DISCUSSION
In the present study, we demonstrated a novel method to fabricate carbonate apatite based on internal dissolution-precipitation reaction. From the results, it became clear that the starting paste prepared from distilled water and powder mixture of DCPA and CaCO3, changes to CO3Ap block. Since DCPA and CaCO3 can dissolve in water and supply Ca 2+ , CO3 2- , and PO4 3-ions in water, Ca 2+ , CO3 2-, and PO4 3-ions become supersaturated with respect to carbonate apatite. Therefore, these ions were precipitated as carbonate apatite, that is, the most stable phase in neutral and basic condition. Additionally, because this compositional transformation could occur without macro morphological changes, this method can be applied in the fabrication of CO3Ap block with various shapes (Fig. 1a) , which can be useful for medical and dental applications.
In case of Ca/P ratio of 1.67, a monophasic apatite could be obtained. Ca/P ratio of 1.67, which is the stoichiometric value of HAp, seems to be an appropriate balance between Ca and P in this system. When Ca/P ratio is above 1.67, CaCO3 cannot react and remains in the specimens. In contrast, DCPA can be detected in the specimen with Ca/P ratio below 1.67.
FT-IR studies have shown that CO3 2-ions were included in the specimens. According to data from literature, carbonate ions can be classified into A-type which gives peaks at 880, 1465 and 1545 cm -1 and B- type which shows different peaks at 872, 1412, and 1460 cm -1 14,15) . In this study, the carbonate peaks observed for the specimen closely matched that of Btype carbonate. And phosphate peaks were also detected. Moreover, it was reported that B-type CO3Ap was obtained when apatite was prepared either by direct precipitation or by hydrolysis of DCPA in carbonate-containing solutions 3) . Therefore, it seems that CO3 2-ions partly substituted the phosphate ions. From these results, it was illustrated that B-type CO3Ap block could be obtained through internal dissolution-precipitation reaction. Because it was not necessary for the ions to diffuse towards the center of the block from the outside of the precursor, much lager size of CO3Ap block could be satisfactorily fabricated with same method. Actually the CO3Ap block is 250 times as large as the specimen that could be obtained with the same method.
As generally accepted, the mechanical strength of porous materials is affected by porosity. Nevertheless, in this study there were no significant differences in porosity among specimens treated at each temperature. The DTS values for CO3Ap blocks significantly decreased from 2 MPa to 1 MPa as reaction temperature increased. Based on SEM observations, it would appear that the hardening mechanism of CO3Ap blocks was due to the entanglement of apatite crystals. Needle-like CO3Ap crystal was precipitated in the solution in which DCPA and CaCO3 were dissolved because Ca 2+ , CO3 2-, and PO4 3-ions were supersaturated with respect to carbonate apatite. This setting mechanism seems to be the same as that of gypsum. When calcium sulfate hemihydrate is hydrated, its morphology changes to needle-like shape. Then the needle-like crystals become entangled to each other. It has been reported that the mechanical strength of set gypsum increased as the reaction temperature decreased because reaction rate and crystal size depends on temperature 16, 17) . In this study, likewise, the decrease in mechanical strength of CO3Ap blocks treated at higher temperature was not caused by change in porosity but probably by that in crystal size and/or extent of their entanglement. Further study, however, will be needed to clarify the change in mechanical strength with reaction temperature.
CONCLUSION
This study demonstrated that CO3Ap block could be fabricated from paste derived from DCPA and CaCO3 mixed with distilled water when treated at 70°C and above for 24-48 hours. Additionally, the starting paste could be placed in molds with various shapes and sizes and the paste would set following the contour and size of the mold. The formed CO3Ap block contained 5-7% carbonate, substituted for phosphate. Moreover, it was also revealed that crystal size and mechanical strength of CO3Ap block were affected by the reaction temperature.
